Abstract
Introduction

According to the classic liquid mosaic model, cell membranes represent a two-dimensional lipid
bilayer allowing for free lateral diffusion of membrane components [1] . Since its initial postulation, the liquid mosaic model has been substantially modified based on various findings made with regards to inhomogeneities in cell membranes on the micro-and nanoscale [2, 3] . Such small detergent-resistant membrane nanodomains are called "lipid rafts" and are constituted mostly of sphingolipids with a much higher number of saturated bonds [4] per molecule as compared to other common membrane lipids e.g. phosphatidylcholine [5] . A special type of raft-like nanodomains are the so called "caveolae", which are raft-like membrane invaginations stabilized by caveolin [3] . Based on their size in the range of 10-200 nm [6] , these membrane domains (lipid rafts and caveolae) can be collectively termed membrane nanodomains [7] . [8, 9] . However, modern, super-resolution based approaches based on investigation of diffusion GPI-anchored proteins point towards a smaller diameter of approximately 20 nm [10] .
Similarly, single particle tracking of GPI-anchored proteins demonstrated a size of ~26 nm [11] . [12] .
Further, Krager and colleagues used a biotinylated lipid raft reporter for TEM investigation of plasma membrane nano/microdomains and reported cluster sizes of 20 -50 nm
The size and density of membrane nanodomains are believed to play a substantial role in many membrane-related biological processes such as apoptosis [13] , endocytosis, exocytosis and immune response [14] as well as in cancer [15] . Moreover, membrane nanodomains play an important role in the biology of neurons, as they are involved in neurotransmitter signaling. [16] [17] [18] [19] . Due to their nanoscale size below the diffraction limit of conventional light microscopy, membrane nanodomains have been mostly studied by indirect biophysical methods (reviewed in ref. [20] and [21] ). [10] . In an extended approach, the same group applied coaligned dual-channel STED to quantify the diffusion of labeled lipids in cell membranes with a spatial resolution down to 20 nm [22] . [23] . [24] . [25] [26] . Using HIM and its charge compensation, networks of collagen fibers in cartilage [23] and polymerized fibrin fibers in a 3D matrix used for stem cell cultivation [27] [18, 19] , making the study of their structure and composition particularly important. We have imaged cultured, undifferentiated adult human neural crest-derived stem cells (NCSCs) from the human respiratory mucosa [28] and NCSC-derived human neurons [29] with a helium ion microscope. Figure 
Changes in neuronal membrane nanodomains may be associated with age-related neurological diseases including Parkinson and Alzheimer
Human neurons are of limited availability and accessibility. Very recently, we successfully differentiated adult human neural crest-derived stem cells into neurons with forebrain and
midbrain characteristics [29] .
Therefore here we employed human stem cell-derived neurons as a model system to study human neuronal cells. Additionally to these cells, we used different cell types for HIM imaging to exclude inter-species variations and potential impact of the differentiation method (Fig. 2).
Adult human NCSCs were imaged either undifferentiated (Fig. 2 A) , or differentiated into neurons (Fig. 2 B) , which showed typical shape and diverse neurites closely resembling morphological features of primary neurons from embryonic mouse hippocampus cultured for 4 days (Fig. 2 C) . Importantly, the cell surfaces of all three cell types (NCSCs, differentiated
NCSCs and primary neurons) showed anisotropically distributed pit-like structures (Fig. 2 D, E, F).
It is our hypothesis that the pit-like domains are a direct visualization of the shape of membrane nanodomains, including lipid rafts and caveolae. These nanodomains consist mainly of saturated fatty acids while the lipid bilayer outside of the nanodomains consists of unsaturated fatty acids.
It is known, that osmium tetroxide (OsO 4 ) used in the cell fixation and drying (see methods)
reacts with unsaturated fatty acids inside the lipid membrane to create cyclic ethers [30] . (Fig. 3) . Such SLBs are widely used as models to investigate phospholipid membranes mimicking biological surfaces including cell membranes and can be accessed by AFM [31] .
Remarkably, the DOPC and DSPC lipid domains can be distinguished based on their height difference relative to the mica surface [32] .
The separation of the two phases in the bilayer into a gel-like DSPC and more fluid DOPC
domains is apparent as a height difference of about 1.5 nm (Fig. 3 C) (Fig. 3 D) [6, 33, 34] . Fig. 4 shows that domains of the cell membrane positive for CTxB can get extracted with 70%
ethanol as visualized by a loss of the corresponding fluorescence signal only in the EtOH-treated specimen (Fig. 4 B) in comparison to the control sample, which was prepared in the same way except for the EtOH-treatment (Fig. 4 A) 
Higher resolved fluorescence images reveal the distribution of the CTxB labels in the samples without EtOH-treatment by 3D structured illumination microscopy (3D-SIM) and direct stochastic optical reconstruction microscopy (dSTORM), cf. Fig. 4 C and D, respectively. These images show that the CTxB labels are arranged in the form of nanodomains and are co-localized with actin which proves that the raft-like lipid nanodomains are present in the investigated
mammalian cells [35] . [6] .
Concluding from dSTORM that the nanodomains visualized in HIM are also visible with an independent method, we used the superior resolution of HIM to quantify lipid nanodomains. We therefore measured the diameters and mean nearest neighbor distances of pit-like structures (lipid nanodomains) in three different cell types: NCSCs, neuronally differentiated stem cells and mouse hippocampal neurons.
For all three cell types we measured a mean diameter < 20 nm suggesting that most of pitstructures are raft-like (Fig. 6 B). This is in general accordance with the consensus size definition of lipid rafts, claiming raft diameters of 10-200 nm
Due to the overlapping size of lipid raft-like membrane nanodomains (diameter of lipid rafts: 10-
200 nm [6, [36] [37] [38] ; diameter of caveolae: 50-120 nm with an open pore of 30-50 nm [39, 40] ) the measurement of the pit-diameter is not sufficient to distinguish between both nanodomains.
Thus, in addition to the determination of the diameter (Fig. 5 A) [4, 41] . 
Material and Methods
Cell culture
Human inferior turbinates were obtained by biopsy during routine surgery after an informed consent according to local (Bezirksregierung Detmold/Münster) and international guidelines. Cell isolation and cultivation was performed as described in ref. [28] . Briefly, inferior turbinates were mechanically and enzymatically dissociated and further cultivated in a serum-free medium
(DMEM/F12 containing B27 supplement, FGF-2 and EGF). For rapid expansion ITSCs were
cultivated in medium supplemented with 10% human blood plasma as described in ref. [27] .
Mouse hippocampal neurons were isolated and cultivated as described in ref. [42] . In particular, mouse hippocampal neurons were obtained by dissecting the hippocampi from mouse embryonic stage E17.5 followed by digestion in trypsin EDTA (PAA) for 30 min at 37°C.
Subsequently the tissue was mechanically dissociated by pipetting the solution through a Pasteur pipette. Afterwards the cells were seeded on PEI coated cover slips in DMEM containing 10% FCS with a density of 1000 cells/mm². The medium was changed to neurobasal medium containing 1% B27 1 h and 24 h after seeding.
Neuronal differentiation of human neural crest stem cells
Adult human NCSCs were differentiated towards neuronal lineage as described in ref. [29] .
HIM imaging
The [43] . 
